Abstract
Least terns (Sternula antillarum) are threatened by rapid human development on the northern coast of Sonora, Mexico. Terns are bellwethers for changes along the world's coastlines, as their coastal breeding habitat is vulnerable to flooding and development. We conducted targeted ground and aerial surveys for least tern colonies along 160 kilometers of coast, and document our findings on colony sizes at nine sites over 3 years in the first portion of this report. 3 Like many taxa, terns lay larger clutches at higher latitudes. In the second portion of this report, we evaluate least tern breeding lifespan, food availability, and nest predation as potential ecological reasons behind this differing clutch-size pattern. After correcting for phylogenetic relationships, we found that food availability, not breeding lifespan or nest predation rate, was related to reproductive investment across 46 species and populations of terns. We conclude that coastal development may have a greater impact on nesting terns in tropical regions as compared to temperate breeding locations, because global oceanic patterns of decreased food availability reduce reproductive investment in the tropics.
Introduction
Regions under sudden and intense human development pressure are often unprepared to manage rapidly increasing human growth. The Gulf of California, one of the richest marine ecosystems in the world (Roberts and others, 2002) , is no exception. The coast of the northern Gulf of California is punctuated with hypersaline wetlands, called negative estuaries. These poorly studied habitats are both fragile and of high environmental and social importance, given their high biodiversity, importance for coastal fish stocks, and role in mitigating the effects of floods and sea-level rise (Brusca and others, 2006; Glenn and others, 2006) . As the northern gulf community of Puerto Peñasco has grown rapidly, seven nearby estuaries are under increasing threat. The conservation of these estuaries and the services that they provide is a multidimensional problem whose solution may provide lessons for other rapidly transforming coastlines. Given several key features of wetland ecology and coastal management in Mexico, the least tern (Sternula antillarum), because of its habitat requirements, can serve as a focal species to guide coastal conservation efforts. As a first step to understanding least tern populations in the northern Gulf of California, we assembled information from the literature and conducted field surveys in an effort to determine their distribution and provide an information foundation for future conservation and research.
Mangroves and freshwater wetlands have been extensively studied, and their importance for biodiversity conservation and coastal flood mitigation is recognized worldwide (Simpson and others, 1983 ; Food and Agriculture Organization of the United Nations, 2007). Negative or hypersaline estuaries provide similar environmental services, but their ecology is poorly understood. (A Web of Science search on 18 July 2008 yielded 4 results for "negative estuary;" 222 results for "hypersaline" paired with "wetland," "estuary," and "lagoon;" and 18,492 results for "estuary.") Negative estuaries are inverted estuaries in which salinity decreases rather than increases nearer to the open ocean because of limited freshwater flows coupled with high levels of evaporation in the shallow channels (Lavín and others, 1998) . Despite the challenges of a saline environment, negative estuaries have biodiversity and nutrient levels similar to those of freshwater wetlands (Brusca and others, 2006) . The decay of salt-tolerant plants (halophytes) creates a nutrient-rich mud that supports numerous invertebrate species. Tidal flows create nutrient and trophic interactions with the open ocean (Brusca and others, 2006) . The wetlands of the northern gulf function as feeding grounds and nurseries for the fisheries of the region (Calderon-Aguilera and others, 2003) . Over 150 species of migratory and resident birds have been recorded in these wetlands (Intercultural Center for the Study of Deserts and Oceans, 2007) , including 12 species listed in the Mexican Endangered Species Act as threatened or endangered (Diario Oficial de la Federación, 2000) .
Many wetlands face threats from coastal development, which is increasing on a global scale. By 2025, 75 percent of the world's population will live within 200 kilometers of the coast (Hinrichsen, 1998) . The community of Puerto Peñasco, in northern Sonora, Mexico, grew 7 percent annually between 2000 and 2005 (Instituto Nacional de Estadística y Geografía, 2005), slower than the fastest growing cities in the world (~10 percent annually), but significantly greater than the neighboring inland city of Tucson, Arizona, U.S.A. (1.4 percent annually; U.S. Census Bureau, 2008) . International tourism is a significant contributor to the growth of Puerto Peñasco, both directly (for example, vacationers, second-home buyers) and indirectly through job creation, which draws nationals from across Mexico. There are currently more than 3,000 condominiums in Puerto Peñasco, while another 14,000 are either in construction or in a planning phase (Centro de Investigación en Alimentación y Desarrollo, 2006).
Beaches and peninsulas adjacent to wetlands are often the first priority for development. Beyond the direct effects of land conversion, development indirectly impacts wetland systems by increasing sedimentation because of construction and off-road vehicle traffic and through contamination from septic tanks (Glenn and others, 2006;  fig. 1-1; table 1-1) . The development of a coastal highway connecting Puerto Peñasco to southern California has opened formerly inaccessible areas to speculation and development, as well as off-road enthusiasts (Centro de Investigación en Alimentación y Desarrollo, 2006) . The spread of development from the urban center of Puerto Peñasco along the coasts is characterized by the selling of formerly communal lands (ejidos) to private developers (Intercultural Center for the Study of Deserts and Oceans, 2007) . Ejidos, or land-use cooperatives, once controlled much of the land in Mexico. In 1992 the law changed, enabling ejidos to divide their holdings and sell parcels to private owners on the open market (Thompson and Wilson, 1994) . The changed legislation has allowed for increased coastal development in Mexico, although not in mangrove wetlands, which were given special protection by the NOM-ECOL-022-2003. Nonmangrove wetlands, as a natural resource, are protected by the Ley General de Equilibrio Ecológico y la Protección al Ambiente (LGEEPA) passed in 1988, a parallel to the National Environmental Policy Act (NEPA) in the United States (Gonzalez and Gastelum, 1999) . The law requires the Federal government to review and regulate environmental impacts.
LGEEPA requires environmental impact statements for major actions affecting a natural resource (Diario Oficial de la Federación, 2007) .
While LGEEPA appears to be a powerful resource management law, a lack of enforcement undermines the system. For example, several of the estuaries near Peñasco are slated for conversion to marinas by the Escalera Náutica (Nautical Stairway) project, coordinated by the National Tourism Fund. The project aims to increase yacht and cruise ship tourism in the gulf by building a series of marinas and investing in coastal towns. The original impact statement for the entire project was approved by the Secretariat of Natural Resources (SEMARNAT) without identifying the dozens of estuaries chosen for conversion. A Mexican Supreme Court decision in 2003 required an impact statement for each marina (Kastelein, 2003) . As in the United States, the Endangered Species Act in Mexico provides habitat-level protection for listed species. Impacts to endangered species must be described and mitigated in the environmental review context (Diario Oficial de la Federación, 2000) .
The political, social, legal, and biological factors at play in wetland conservation in the northern Gulf of California govern the effectiveness of using focal species to guide preservation and conservation efforts. A focal species should effectively represent ecosystem needs, commercial values, and cultural values, and should be afforded legal protection. The least tern is a logical focal species because it depends on juvenile fish in coastal wetlands, breeds in sites highly vulnerable to coastal development, and is protected under the Mexican Endangered Species Act. To accurately and effectively inform coastal planning, basic information on the species' abundance and distribution is required.
Least tern life history is well studied in the United States (Massey, 1974; Thompson and others, 1997) . Like other terns in the genus Sternula, least terns are small (40 g) and a relatively long-lived species, with an average life span of 12.6 years, with 9.6 reproductive years (Massey, 1974) . Least terns winter in northern South America and breed from April to August in North America on the Atlantic and Pacific coasts and on the waterways of the central United States. Least terns typically lay two eggs in coastal regions, which hatch in 3 weeks (Thompson and others, 1997) . Young leave the nest after 2 days, fledge at 3 weeks, and are fed by their parents for several more weeks, becoming fully independent before migrating south in August and September (Thompson and others, 1997 Zuria and Mellink, 2005) to bring to their young. In the northern Gulf of California, least terns are known to nest and feed adjacent to and within coastal wetlands (Alcock, 1992; Mellink and Palacios, 1993) .
Least terns choose colony sites based on: (1) fidelity to sites where previous reproductive efforts have been successful, (2) natal site fidelity, (3) conspecific attraction, and (4) physical qualities of the site (Thompson and Slack, 1982; Gochfeld, 1983; Kotliar and Burger, 1986) . Least terns typically nest less than 1 meter above sea level, preferring sites that are flat, are close to open water, and have little vegetation (Thompson and Slack, 1982; Gochfeld, 1983; Kotliar and Burger, 1986; Mazzocchi and Forys, 2005) . They select sandbars or open beaches, shellpiles or small sandbars in mudflats, salt flats, and dredge-spoil islands (Palacios and Mellink, 1996) . Terns seem to trade off the risk of flooding (low elevation) with the risk of nest predation (vegetative cover for predators increases with elevation; Thompson and Slack, 1982) .
The locations favored by terns for nesting are also favored for human recreation and development, leading to a conflict that often results in reproductive failure for the terns (Gochfeld, 1983; Zuria and Mellink, 2002) and pushes colonies closer to the water. Given that colonies suffer near complete failure following extreme tides (Zuria and Mellink, 2002) , displacement of colonies toward the sea could result in dramatic reductions in recruitment, an effect potentially exacerbated by rising sea levels predicted by climatologists (Intergovernmental Panel on Climate Change, 2007; Rahmstorf, 2007) . Failure of Caspian tern (Sterna caspia) colonies in marginal habitat has been attributed to the effects of climate change in Alaska, U.S.A. (Gill, 2008) . This combination of factors makes identifying and protecting suitable least tern habitat a conservation priority in the Gulf of California.
Starting in 1991, parts of the northern coast of Sonora were surveyed for least terns but only intermittently and over a limited area. A colony at La Purinera with an estimated 200 nesting pairs was recorded in 1991, 1992, 1995, 2002 and 2005 (see fig. 1 -3 for colony locations; Mellink and Palacios, 1993; Palacios and Mellink, 1996; Zuria and Mellink, 2002; Zuria and Mellink, 2005) . The area was not surveyed previously or in intervening years. Two small colonies (Morúa East and West) were recorded in 1992 (Alcock, 1992; Mellink and Palacios, 1993) .
Current and previous occupancy of potential colony sites in the estuaries of Almejas, La Pinta, Cholla Bay, and Cerro Prieto and in the Bahía Adair wetland complex has not been studied. Two pairs nested in salt flat west of Bahía Adair in 1991, and one pair was seen in 1992 (Mellink and Palacios, 1993) . Bahía Adair is considered a potentially important nesting area for least terns, although colony sites have not been identified (Brusca and others, 2006) . Two other small colonies were recorded in 1991 and 1992, one in Estero San Francisquito, adjacent to San Jorge, and one in Estero Los Tanques, 60 kilometers to the south. No other information is available on distribution of least tern colonies on the coast of Sonora (Russell and Monson, 1998) . We undertook a complete and continuous survey of the region in order to fill in the gaps in the current knowledge of tern distribution.
Methods
We surveyed 160 kilometers of coastline from Bahía San Jorge in the south to Bahía Adaír in the north for breeding least terns. Based on local knowledge of the area and satellite images (GoogleEarth and Instituto Nacional de Estadística y Geografía), survey locations with the following range of characteristics were selected: flat, sparsely vegetated sandbars, spits, shellpiles, and salt flats located within 1.5 meters of sea level at mean high tide, within 3 kilometers of open water, and with less than 15 percent vegetative cover (see fig. 1 
Ground Surveys
Observers walked, drove, or travelled by boat along the 160 kilometers of coastline in the study area. They searched for appropriate habitat as defined above and for adult least terns. When nesting activity was encountered, inconspicuous observation areas were established from which observers had an uninterrupted view of the colony area. Two observers, equipped with 8 x 42 binoculars, recorded the number of nests, juveniles, and adults and mapped nest sites on a paper grid. Total colony area was determined by taking GPS locations every 20 meters along the colony perimeter. If colony area was larger than 200 x 100 meters, observers divided the colony into sections of roughly 200 x 100 meters each, using GPS and laser range finder to determine the appropriate area and survey each section as described above.
Aerial Surveys
Two observers flew in a Cessna 182 from Bahía San Jorge to Bahía Adair (lat 30 o 53″ N., long 113 o 05″ W. to lat 31 o 29″ N., long 114 o 04″ W.). Observers and pilot searched for flat, sparsely vegetated sandbars, spits, shellpiles, and salt flats within 0 to 1.5 meters of the high-tide line and within 3 kilometers of open water. When a least tern was observed flying, standing, or sitting over sand, the plane circled back and flew a longitudinal transect at ~ 160 kph at an altitude of 60 to 150 meters on the coastal side of the potential colony area. Equipped with 8 x 42 binoculars, two observers independently counted the number of terns standing, sitting, or flying over land at every site and recorded the GPS location and altitude of each survey.
Results
Some locations identified with satellite imagery as appropriate habitat were deemed inappropriate during ground surveys, while other locations appeared appropriate in both images and surveys but were not found to be occupied by least terns during surveys. The main sandbars of Almejas and La Pinta estuaries appeared appropriate in the images, but on surveys were found to have uneven terrain or heavy vegetative cover. Large salt flats southeast of Almejas and around Bahía Adair are considered appropriate least tern nesting habitat, but no evidence of nesting was observed. All other sites that were identified through satellite imagery were suitable habitat (as defined above) and occupied in at least one year of this study by nesting least terns ( fig. 1-3) . For all surveys, we report numbers of adults and nests observed at each colony site (table 1-2).
The average difference between the two observers counts during aerial surveys was 3.1 (± 4) terns per colony. Aerial surveys were similar to ground surveys: La Purinera (ground 46, aerial 46) and Morúa East (ground 14, aerial 11). 
Conclusion
Based on 3-year averages of the number of nests detected, at least 141 least tern pairs (± 47) breed in the study area. A less precise estimate, based on 3-year averages of number of adults detected, is 261 (± 204) pairs (given that a 1:1 individual observed to pair ratio has been found in terns, where one adult is often feeding while the other incubates or defends the colony; U.S. Geological Survey, 1997). One hundred forty-one pairs represent a significant proportion of the 400 estimated pairs in the Gulf of California (Palacios and Mellink, 1996) .
La Purinera is one of only two known colonies with more than 100 pairs in the entire Gulf of California (Palacios and Mellink, 1996) . The change in individuals present at La Purinera falls within the range of recent interannual fluctuations at this site (60 to 240 pairs; Palacios and Mellink, 1996; Zuria and Mellink, 2005) . While only 46 adults were present at La Purinera in mid-May 2008, the number of nests by mid-June had risen to 117. Flooding and sand storms at the colony in early May likely destroyed at least 50 nests and may have caused partial colony failure; this was followed by a wave of re-nesting. However, multiple surveys per season during nesting peaks are required for more precise estimates of colony size (Steinkamp and others, 2003) .
Some sites (San Judas, Cerro Prieto) were not occupied in all years of this study, confirming the need to manage "clusters" of alternate sites (Massey and Fancher, 1989; Palacios and Mellink, 1996) . In addition, the conservation of multiple populations is a central tenet of conservation biology and has been found to exponentially decrease the risk of species extinction in interior least terns (Sterna antillarum athalassos) (Boyce and others, 2002) . Sites that constitute good habitat and have been occupied in at least one year are important for the species persistence in this region.
Three previously unrecorded colonies (La Cholla, Cerro Prieto, and San Judas) are documented in this report. Two sites (La Pinta and Almejas) that were identified in satellite images and appeared suitable for habitat were found to consist of uneven terrain and were not occupied by least terns. Aerial and ground surveys did not reveal additional suitable habitat sites beyond those already identified using satellite images. This suggests that least tern nesting habitat likely can be identified from satellite images.
We were able to identify causes of reproductive failure at some colonies. The colony at Morúa East fledged no young in 2007 because of flooding during a high tide on 31 May. The Morúa West colony declined from 12 nests to 1 from 2006 to 2007. The decline is likely because of the preconstruction phase of five condominium towers that eliminated a portion of the former nesting habitat. A portion of the colony was directly affected by clearing and reshaping of dunes, which took place in 2007. The remainder of the colony was given greater protection from off-road vehicles and pedestrians by signage and fencing put in place by the developers ( fig. 1-4) . However, this effort did not support breeding activity ( fig. 1-5) . After extensive development in coastal California caused the California least tern (Sternula antillarum browni) population to decline to 600 pairs, the species was listed as endangered (U.S. Fish and Wildlife Service, 1985) . The population has increased to 7,100 pairs (U.S. Fish and Wildlife Service, 2006) but remains listed as endangered and requires intensive management. At Camp Pendleton, a military installation in San Diego that contains 17 percent of the population of California least terns, annual management costs over $150,000 each year (Shwiff and others, 2005) .
Limited habitat may have changed the spacing of least tern nests in California (Collins, personal commun.) . Inter-nest distance for California least terns is estimated at 3 meters (Massey, 1974; Gilligan, unpub . data), while we found an average inter-nest distance of 34.75 meters (± 5.96). Decisionmakers in the Gulf of California have an opportunity to plan coastal growth to avoid changes to reproductive biology and impacts to the habitat of endangered species (Zedler, 1996) .
Principal threats to the least tern in the study area are flooding, direct habitat loss through development, and disturbance from increased pedestrian and off-road vehicle traffic (Palacios and Mellink, 1996; Zuria and Mellink, 2005) . We found more and larger colonies south of Puerto Peñasco, and outside of the Upper Gulf Biosphere Reserve. This finding should help managers decide if there is a need for additional protected areas and mitigation for development impacts outside of the present biosphere reserve.
Least terns breed somewhat asynchronously, making colony size estimates difficult without several surveys throughout the breeding season (Zuria and Mellink, 2002) . While our data accurately represent colony occupancy and minimum number of adults and nests present each year during this study period (2006) (2007) (2008) , maximum colony size can only be estimated through repeated visits throughout the season. Given their efficiency, yearly aerial surveys to determine colony occupancy and to provide a "snapshot" of colony size would be useful. The colonies under the most intensive development pressure (Morúa East and West and La Cholla) would seem to merit ground monitoring throughout the breeding season, as would the large and continuously occupied colony at La Purinera in Bahía San Jorge because of its potential importance to the population of least terns in Sonora and the Gulf of California. Fledging rate is a more sensitive parameter to population declines than adult population size, given that least terns are a long-lived species. Our study updates information on the status of the least tern in northern Sonora, and hopefully will serve as a foundation for the design of a long-term monitoring program and better inform regional planners about least tern distribution patterns.
Chapter 2 Why Invest More at Higher Latitudes? A Comparative Analysis of Terns Introduction
Organisms from arthropods to songbirds produce larger clutches at higher latitudes (Fox and Czesak, 2000; Hemborg and others, 2001 ). The reasons behind this pattern remain unclear. Within and across species, birds produce larger clutches relative to adult body mass at temperate compared to tropical latitudes (Skutch, 1949; Hockey and Wilson, 2003; Martin and others, 2006) . Reproductive investment (considered here as clutch mass relative to adult body mass) is under intense selective pressure, given the high cost of egg production and the direct relationship between investment and individual fitness (Roff, 1992) . Why would species increase investment in reproduction at higher latitudes?
Gulls and terns have high clutch mass relative to body size and depend on current rather than stored energy for reproduction (Moore and others, 2000) . Marine-nesting terns and noddies in the subfamily Sterninae are a good study system for this question because they have a global breeding distribution and share a suite of life history traits (colonial breeding at sites not defended in the nonbreeding season; feeding on small oceanic fish and crustaceans; semi-precocial young [Burger and Gochfeld, 1991; Weimerskirch, 2001] ). The clutch mass of marine-nesting terns ranges from 14 to 42 percent of adult body mass. This range is greater than the reported range of reproductive investment for eight families of turtles and three families of snakes, while three snake families and the Lycosidae spider family show similar ranges of reproductive investment.
Across 34 of the 45 species of terns, clutch size and egg mass increase with latitude, after correcting for adult body mass (Hockey and Wilson, 2003) . However, this analysis did not correct for phylogenetic relationships, account for latitudinal variation in reproductive investment within species, or evaluate explanations for this pattern. Tern clutch size and egg volume do vary within species across latitude (Nelson, 1980) . Life-history theory predicts that a reduction in lifetime breeding opportunities will result in increased investment at each opportunity (Roff, 1992; Ekman and Askenmo, 1986) . Temperate nesting terns may have a reduced lifetime breeding lifespan because of higher adult mortality (Faaborg and Arendt, 1995) , perhaps owing to higher costs of migration and temperature regulation (Weimerskirch, 2001) . Consistent with a longer breeding lifespan in the tropics, tropical-nesting pelicaniforms have been found to begin breeding later than their temperate counterparts (Nelson, 1983) . If breeding lifespan in terns decreases with increasing latitude, one would expect a negative correlation between the length of breeding lifespan and reproductive investment.
Reproductive investment in terns may be related to food abundance (Suddaby and Ratcliffe, 1997; Monaghan and others, 1989) , which increases with latitude in marine ecosystems (Thurman, 1997) . Spatial and temporal peaks in food availability are critical in colonial breeders where synchronous hatching creates a dependence on localized food abundance (Ricklefs, 1983) . If food availability increases with latitude, one would expect a positive correlation between food abundance and reproductive investment in terns.
Variation in predation on eggs or young across latitude may also explain patterns of reproductive investment (Stearns, 1992) . Increased clutch size with latitude in land birds has been attributed to higher levels of nest predation in the tropics (Martin and others, 2006) . High predation might lead to lower reproductive investment ). An individual bird that invests less in its initial clutch will have a larger reserve for second and third nesting attempts (Slagsvold, 1982) . Other mechanisms proposed to explain the relationship between reproductive investment and nest predation in songbirds (larger clutches are more likely to be detected by predators and require more frequent conspicuous feeding forays by parents; reviewed in Slagsvold, 1982) are not likely operating in colonial seabirds, which rely more on predator swamping and group defense than on nest concealment (Hamer and others, 2001) . If nest predation declines with latitude, one would expect a negative relationship between nest predation rate and reproductive investment.
We propose and test four hypotheses to explain the latitudinal increase in reproductive investment in marine-nesting terns: (1) a reduction of breeding lifespan with latitude, (2) an increase in food availability with latitude, (3) a reduction of nest predation rate with latitude, and (4) the conservation of the traits related to reproductive investment through phylogenetic inertia. The consideration of these hypotheses in a comparative framework, across species, allows insight into evolved responses to ecological pressures.
Methods
We conducted an extensive literature search to test each of the four alterative hypotheses to explain the latitudinal gradient in reproductive investment across species. We compiled data on tern egg mass, clutch size, adult mass, age at first reproduction, longevity, annual adult survivorship, and nest predation rate at one or more latitudes within a species' breeding range from 133 published articles and books and two unpublished datasets. In 10 species, only one complete set of the parameters at a given latitude was available. In 14 species, complete datasets on discrete population segments are included, resulting in 35 records. Population segments were characterized by discrete breeding ranges, separated by at least 15 degrees latitude or longitude (~ 1,600 kilometers). Dispersal of individuals between population segments is unlikely, as site fidelity is high in terns (Atwood and Massey, 1988; Solis and others 1999; Spendelow and others, 1995) . In addition, 17 of these 35 population-level records are recognized subspecies.
Reproductive Investment
When multiple data points for egg mass, clutch size, adult mass, and/or survivorship were available across latitude within a species or population segment, we regressed the species' parameters on absolute latitude. If the regression yielded a good fit (R 2 >0.80) or a significant relationship (p<0.05), we extrapolated the biological parameter at a median latitude. If no fit emerged from the analysis, we took a weighted average (by study sample size) for the parameter at median latitude. Species for which a complete reproductive dataset was not available were excluded.
We used egg mass as reported in the literature when available for 20 of 64 egg-mass records. We then created the equation Length x Width 2 /0.00195 to calculate mass for 41 records. To create the equation, we used six records (from six tern species across a wide egg-mass gradient) that gave both fresh egg mass and dimensions (339 eggs) and an additional seven records that gave dimensions and mass as calculated using a 13 variable formula (Schonwetter, 1960) . Both of these methods yielded a similar divisor, Y, (0.00193 (± 0.00007) and 0.00195 (± 0.00003), respectively), in the equation: Length x Width 2 /Y. We then considered an additional 10 records where egg dimensions and mass were available at a given location but not within the same study, yielding a divisor, Y, of 0.00198 (± 0.00018). Divisors from these three sources were averaged to create the 0.00195 divisor.
In three cases, we used measures of volume as equivalent to mass, where mass was not available or calculable from dimensions. Three sources gave egg mass and volume for the same eggs (361 eggs), which showed a 1.00:1.00 (± 0.08) ratio of egg volume to mass. Density of fresh common tern eggs has been found to be 1.0058 g/ml (Rahn and others, 1976) . Clutch size, egg mass, and adult mass were used to calculate percent clutch mass per unit adult mass as a measure of reproductive investment.
Breeding Lifespan
We considered three proxies for the number of lifetime breeding opportunities: age of first reproduction, difference between longevity record and age of first reproduction, and annual adult survivorship. Terns nest annually and re-nesting only occurs after nest failure (Hamer and others, 2001 ). Banding records were used for longevity (Klimkiewicz, 2008) , while data on annual adult survivorship were taken from mark-recapture studies.
Food Availability
Marine-nesting terns feed primarily on small fish (Zuria and Mellink, 2005; Nelson, 1980) , which can be difficult to quantify and compare across sites. Oceanic net primary productivity (NPP) is correlated to the abundance of small fish, upon which terns feed (Aebischer and others, 1990) , and has been shown to predict breeding performance in roseate terns (Sterna dougallii) (Monticelli and others, 2007) . We obtained estimates of NPP based on satellite imagery (Oregon State University, 2008). The Vertically Generalized Production Model is used to estimate NPP based on remotely sensed chlorophyll concentration, light availability, and sea-surface temperature estimates (Behrenfeld and Falkowski, 1997) . Input data under cloud cover was filled by gap-filling software at Oregon State University, and monthly climatologies were constructed from the resulting NPP data. Tern breeding locations were rounded to the nearest degree of latitude and longitude. We calculated an average breeding season NPP value for the degree block of latitude and longitude surrounding the breeding location, from monthly 10-year averages (1997 to 2007) . Values for the whole months in each species' reported breeding season were then averaged.
Nest Predation
We used the number of nests reported as fully or partially depredated at either the egg or the chick stage relative to the number of nests followed in a study as a measure of predation rate (percent). When more than one predation rate was reported for a species in a given region, we averaged the values. In three cases, we relied on the source publication's stated assumption that missing eggs or chicks had been depredated.
Phylogeny
We used a phylogeny inferred from mitochondrial DNA for relationships and divergence times among terns (Bridge and others, 2005) , assuming a one million year divergence time for all subspecies, based on a subspecific pair that was found to have diverged one million years ago (Bridge and others, 2005) . Monotypic population segments were set at divergence times of 0.05 million years. For three species, complete datasets for more than two within species populations were available. In order to avoid polytomies in the contrast analysis, which are averaged to the node, we created a species pair and an outgroup for each group of three, based on geographic distance between breeding populations.
Analysis
We modeled the association between the explanatory variables and reproductive investment in both raw species analyses and phylogenetically independent contrasts, and then analyzed the full tree (which includes population-level records; n=45) and a reduced tree including only hard species (n=24). We used the PDAP (Midford and others, 2005) module of the program Mesquite (Maddison and Maddison, 2004) to calculate contrasts. While divergence times in millions of years were available, analyses were run with branch lengths set to one. When the contrast values of the branch lengths in millions of years were plotted against their standard deviations, a significant slope was apparent, indicating that the contrasts were not appropriately standardized for analysis (Garland and others, 1992) . The proportion of clutch mass per unit adult mass (percent) and nest predation rate (percent) were arcsine square root transformed, and both NPP (mg Chlorophyll), age of first reproduction (years) were log-transformed, to comply with assumptions of homogeneity of variance. We constructed least squares regression for both raw species and independent contrasts (which were forced through the origin), with JMP statistical software program (JMP IN 5.1, 2005) . In that we were testing directional a-priori predictions, we report one-tailed t-tests.
Results

Breeding Lifespan Hypothesis
Adult survivorship, age of first reproduction, and the difference between longevity and age of first reproduction were not correlated with reproductive investment in raw species analysis ( fig. 2-1a , b, and c: t 14 =0. 44, p=0.334; t 19 =0.34, p=0.371; t 15 =0.39, p=0.351, respectively) , after correcting for phylogeny, ( fig. 2-1d , e, and f: t 13 =-0. 43, p=0.338; t 18 =-0.33, p=0.373; t 14 =-0.23, p=0.413, respectively) , and when considering hard species only (Raw: t 9 =-0.02, p=0.491; t 11 =0.17, p=0.434; t 14 =1.38, p=0.102, respectively) . The difference between longevity and age of first reproduction did decline with absolute latitude (fig. 2-2: t 10 =-3.28, p=0.006).
Figure 2-1. Breeding lifespan analyses. In raw species: reproductive investment by (a) adult survivorship, (b) age of first reproduction, and (c) difference between longevity and age of first reproduction. In independent contrasts: reproductive investment by (d) adult survivorship, (e) age of first reproduction, and (f) difference between longevity and age of first reproduction. In all analyses reproductive investment (clutch mass/adult mass) was arcsine square root transformed. In raw species adult survivorship and the difference between longevity and age of first reproduction were log transformed; in contrasts age of first reproduction was log transformed. 
Food Availability
Reproductive investment increased with food availability in raw species ( fig. 2-3a 
Trends within Genera
The genus Sterna showed a significant positive relationship between food availability and reproductive investment ( fig. 2 -5a t 9 = 3.16, p = 0.016), while non-significant positive trends were found in the genera Anous, Gygis, Onychoprion, and Hydroprogne. Terns in the genus Thalasseus, with the exception of the sandwich tern (Thalasseus sandvicensis), showed a low and constant level of reproductive investment across a wide range of values for food availability ( fig. 2-5b) . 
Nest Predation
Nest predation rate was not related to reproductive investment in raw species (t 17 =0.72, p=0.240) and after correcting for phylogenetic relationships (t 16 =0.66, p=0.261). Contrary to the predicted trend, nest predation increased slightly with reproductive investment. Nest predation rate was not correlated with latitude (t 17 =0.45, p=0.330).
Figure 2-6. Nest predation was not related to reproductive investment in raw species or after correcting for phylogeny.
Conclusion Breeding Lifespan
We were unable to find conclusive evidence to support or reject the breeding lifespan hypothesis, in part, because fewer than 20 records were available for each of the three proxy variables used to evaluate this hypothesis. It is clear that age of first reproduction, which is correlated with breeding lifespan (Roff, 1992) , was not related to reproductive investment. Consistent with this finding, roseate terns have been found to have similar adult survival rates across latitude (Nisbet and Ratcliffe, 2008) . Many species of terns begin breeding at age 3, and these species showed a wide range of values for reproductive investment ( fig. 2-1b) , suggesting that breeding lifespan is not related to investment in terns. However, the slight negative relationship between the difference between longevity and age of first reproduction and investment, and the strong negative correlation between this measurement for breeding lifespan and latitude, suggest some support for the breeding lifespan hypothesis. An exploration of this pattern within a population of terns, or with a larger dataset, would shed more light on this potential explanation for the latitudinal gradient in reproductive investment.
Food Availability
We found support for the hypothesis that food availability is related to reproductive investment in terns, even after correcting for evolutionary relationships ( fig. 2-3) . Clutch size and fledging rate have been found to correlate with remotely sensed food availability across 8 years in roseate terns, suggesting that terns are able to effectively adjust reproductive output to match food availability (Monticelli and others, 2007) . Our analysis does not distinguish an increase in investment because of the ability of parents to raise more young in areas with higher oceanic productivity, as in the original Lack (1954) hypothesis, from an increase because of food limitation preventing female terns, as income breeders, from laying more or larger eggs. Herring gulls (Larus argentatus) have been shown to reduce egg size when food availability is low during laying (Kilpi and others, 1996) , and equivocal evidence has been found in common terns (Sterna hirundo) in a test of re-laying in response to egg removal (Arnold and others, 1998) .
Trends within Genera
We found increasing reproductive investment with food availability within five tern genera (significant in the Sterna, fig. 2-5a ). This pattern suggests that reproductive investment has responded to changes in food availability multiple times as terns evolved. Two Sterna terns have been shown to fledge more young in years of greater food abundance (the common tern and the roseate tern; Safina and others, 1988) . The Thalasseus terns, with one exception, show a low and constant level of reproductive investment ( fig. 2-5b) , suggesting that egg and clutch size are constrained in the larger crested terns. If this branch of terns evolved in a region with low interannual variability in food availability, a constant level of investment might be expected. An examination of interannual variation in food availability and investment would enable an analysis of the pattern in this genus.
Nest Predation
Nest predation does not appear to drive the latitudinal gradient in reproductive investment among marine-nesting terns. Given terns' lack of dependence on stored resources for reproduction (Moore and others, 2000) , their relatively small clutch size, and the slow growth rate of chicks, it has been argued that a parent's ability to forage, rather than nest predation, drives tern reproductive strategies (Langham, 1983) . Limited records on predation rates were available, in part, because of variation in the way that predation rate was quantified (eggs or chicks missing, predation events per hour of observation, dissection of predators). Nest predation varies interannually among terns, requiring many data points for a species in a given region to accurately represent nest predation risk. Predation rates are more frequently reported in cases where predators have a large impact on a population and among species at risk. Our analysis is therefore potentially biased by a lack of data on species and populations that experience low levels of nest predation.
Our analysis does not account for other aspects of reproductive investment, including egg quality and quality of parental care, which may be traded off with egg weight or clutch size in tern life history. Roseate and common terns have been found to lay eggs with similar proportions of yolk and albumen, although egg quality in terms of hormonal and lipid content was not considered (Collins and McCroy, 1972) .
Tern clutch and egg size in the tropics appear to be constrained by global patterns of food availability. Declines in tropical populations of terns-potentially because of human development, which is more intense in tropical than temperate regions (Population Action International, 2006)-may result in slow and difficult recoveries for these species. also to Sandra Fiol, Jess Bloomer, and Heather Green for assistance in the field. We are also grateful to both Georgia Ehlers, in the Graduate College, and Lisa Graumlich, in the School of Natural Resources, for contributions to Alyssa's professional growth, and to Dennis Rosemartin for his support and encouragement.
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